Abstract. Lipid peroxidation is a major biochemical consequence of the oxidative deterioration of polyunsaturated lipids in cell membranes and causes damage to membrane integrity and loss of protein function. 4-hydroxy-2-nonenal (HNE), one of the most reactive products of n-6 polyunsaturated fatty acid peroxidation of membrane phospholipids, has been shown to be capable of affecting both nicotinamide adenine dinucleotide (phosphate) reduced [NAD(P)H] as well as NADH production. However, the understanding of its effects in living cardiac cells is still lacking. Our goal was to therefore investigate HNE effects on NAD(P)H noninvasively in living cardiomyocytes. Spectrally resolved lifetime detection of endogenous fluorescence, an innovative noninvasive technique, was employed. Individual fluorescence components were resolved by spectral linear unmixing approach. Gathered results revealed that HNE reduced the amplitude of both resolved NAD(P)H components in a concentration-dependent manner. In addition, HNE increased flavoprotein fluorescence and responsiveness of the NAD(P)H component ratio to glutathione reductase (GR) inhibitor. HNE also increased the percentage of oxidized nucleotides and decreased maximal NADH production. Presented data indicate that HNE provoked an important cell oxidation by acting on NAD(P)H regulating systems in cardiomyocytes. Understanding the precise role of oxidative processes and their products in living cells is crucial for finding new noninvasive tools for biomedical diagnostics of pathophysiological states.
Time-resolved fluorescence spectroscopy investigation of the effect of 4-hydroxynonenal on endogenous NAD(P)H in living cardiac myocytes Alzbeta 4-hydroxy-2-nonenal (HNE) is the primary α; β-unsaturated hydroxyalkenal formed in cells by lipid peroxidation (LPO) process. 1 It is generated in the peroxidation of lipids containing polyunsaturated omega-6 acyl groups, such as arachidonic or linoleic acids, and of the corresponding fatty acids. HNE has three reactive groups: an aldehyde, a double bond at carbon 2, and a hydroxy group at carbon 4. It is found throughout animal tissues and in higher quantities during oxidative stress due to the increase in lipid peroxidation chain reaction, elevated in stress events. The oxidative degradation of lipids affects mostly polyunsaturated fatty acids, because they contain multiple double bonds in between which lies methylene-CH 2 -groups that possess especially reactive hydrogens. Living organisms have generated different molecules that speed up termination by catching free radicals and therefore protect cell membranes. 2 Such antioxidants include alpha-tocopherol, also known as vitamine E, as well as enzymes such as superoxide dismutase, catalase, and glutathione peroxidases. HNE plays a key role in the cell signaling transduction in a variety of pathways from cell cycle events to cellular adhesion. 3 Constitutive levels of HNE are needed for normal cell functions-their lowering in cells promotes proliferative machinery, while their increase stimulates apoptotic signaling. 4, 5 In cardiac myocytes, HNE has been shown to be capable of affecting nicotinamide adenine dinucleotide (phosphate) reduced [NAD(P)H] production by inactivating mitochondrial NADP þ -isocitrate dehydrogenase activity, an important enzyme that controls redox and energy status. [6] [7] [8] In addition, in isolated cardiac mitochondria, it has been reported that HNE inhibited α-ketoglutarate dehydrogenase and reduced the production of NADH. 9 However, the exact effects of HNE on NAD(P)H fluorescence in cardiac cells are still poorly understood. We have previously showed the sensitivity of NAD(P)H fluorescence to oxidative stress induced by stressors such as hydrogen peroxide (H 2 O 2 ) or HNE in living left ventricular (LV) myocytes (see Supplement in Ref. 10 for details). Here, our goal was to evaluate in further detail the effect of HNE on the NAD(P)H content in order to better understand mechanisms underlying HNE action in these cells.
We have chosen time-resolved fluorescence spectroscopy of intrinsic NAD(P)H (Ref. 11) to test the effect of HNE in living myocytes. We have previously demonstrated that both the NADH, as well as the spectroscopically undistinguishable NADPH can be measured directly and noninvasively in rat cardiac myocytes by this novel method. [12] [13] [14] In rat liver, the total amount of NAD þ and NADH is approximately 1 μmole per gram of wet weight, about 10 times the concentration of NADP þ and NADPH in the same cells. 15 The cellular NADPH∕NADP þ ratio is normally about 200, around 200 times lower than the one of NADH∕NAD þ , which ranges from 1 to 0.1 between mitochondria and cytosol, respectively. 16, 17 The NADPH∕NADP þ ratio is kept very high because NADPH is needed to drive redox reactions as a strong reducing agent and regulator of the redox homeostasis in mammalian cells. However, this proportion is prone to change in pathological situations, such as oxidative stress. For these reasons, we have chosen evaluation of endogenous NAD(P)H fluorescence to examine the effect of HNE. To precisely comprehend modifications in the oxidative redox state from the recorded data, we have chosen a new analytical approach based on evaluation of the individual components in the time-resolved fluorescence spectroscopy measurements using principal component analysis (PCA) and resolve them by a linear unmixing approach.
14 In this way, "free" and "bound" NAD(P)H components can be precisely separated and the effects of HNE studied on the resolved individual components. As the ratio of free/bound component amplitude corresponds to the change in NADðPÞH∕NADðPÞ þ reduction/oxidation pair, 13, 14, 18, 19 this approach thus allows an original monitoring of HNE actions.
Material and Methods

Ethics Approval
All procedures were performed in accordance with the National Institute of Health and the Canadian Council on Animal Care (CCAC) guidelines for the care and use of laboratory animals, after evaluation by the local Comité Institutionnel des Bonnes Pratiques sur les Animaux en Recherche, accredited by the CCAC.
Cell Isolation
Cardiac myocytes were isolated from LV of Sprague-Dawley rats (13-to 14-week-old females, Charles River, Canada) sacrificed humanely by decapitation after retrograde perfusion of the heart with proteolytic enzymes, as previously reported. 20, 21 Myocytes were maintained in storage solution at 4°C until used. Only cardiac myocytes showing clearly defined striations and edges were studied.
NAD(P)H and Flavin Fluorescence
Endogenous fluorescence of NAD(P)H and flavins was recorded using spectrally resolved time-correlated single photon counting, as previously described. 14, 22 In these experiments, a 375-nm, or a 435-nm, picosecond laser diode (BDL-375, BDL-435, Becker&Hickl, Boston Electronics, USA) was used as an excitation source with ∼1 mW output power. The laser beam was reflected to the sample through the epifluorescence path of the Axiovert 200M (Zeiss, Canada) inverted microscope. The emitted fluorescence was separated from laser excitation either by 395-nm dichroic and 397-nm longpass filter (for excitation at 375 nm) or by 460-nm dichroic filter and 470-nm long-pass filter (for excitation at 438 nm) and detected by 16-channel photomultiplier array (PML-16, Becker&Hickl, Boston Electronics) attached to an imaging spectrograph (Solar 100, Proscan, Germany). Data were always evaluated from the first scan of each cell (measured for 30 s) to avoid artifacts induced by photobleaching.
Solutions and Drugs
The storage solution contained (in mM) NaCl, 130.0; KCl, 5. The intracellular media-mimicking solution contained (in mM) KCl, 140; NaCl, 10; glucose, 10; HEPES, 10, adjusted to pH 7.25 with NaOH. NADPH was added to the intracellular solution in concentrations ranging from 1 to 20 μM. NADPH was also produced from NADPisocitrate dehydrogenase (ICDH) (3.9 U∕mL) by reaction of isocitrate (89 mM) and NADP (0.5 mM) with or without glutathione [glutathione disulfide (GSSG), 50 nM] and GR (0.5 or 1 U∕mL). Cells were treated (in basic external solution for 30 min at 35°C) with 1,3-bis(2-chloroethyl)-1-nitroso-urea (BCNU, 100 μM) and/or HNE (10, 25, 50, or 100 μM), or H 2 O 2 (1 μM), and recorded at room temperature. Rotenone (1 μM) with cyanide (4 mM) and/or 9,10-dinitrophenol (DNP, 50 μM) were applied for 5 to 10 min before recording; 3-β-hydroxybutyrate (BHB, 3 mM) was prepared freshly, while acetoacetate (AcAc, 150 μM to obtain a BHB/AcAc ratio of 20∶1, and 1.5 mM to obtain a BHB/AcAc ratio of 2∶1) was added from 250 mM stock solution. All chemicals were from SigmaAldrich (Canada), except for cyanide, which was from Fisher (Canada).
Data Analysis
The data are reported as means AE standard error error of the means. Data were collected from at least three different animals per experimental group and compared by one-way analysis of variance; p < 0.05 was considered statistically significant. Data were analyzed using SPCImage software (Becker&Hickl, Boston Electronics), Origin 7.0 (OriginLab, USA), laser scanning microscope Image Browser (Zeiss), and custom-written procedures for data correction and analysis written in C++. In our experiments, we typically collected a photon-counting histogram of spectrally resolved autofluorescence decay Pðλ j ; t k Þ. The histogram was measured simultaneously on 16 spectral channels (18-nm wide) denoted as λ j and on 1024 temporal channels denoted as t k , spaced equidistantly by 24.4 ps. Individual components of NAD(P)H fluorescence were determined by PCA, applying the linear unmixing approach to separate individual components in the recorded data, as previously reported. 13, 14 Amplitudes of the resolved NAD(P)H fluorescence components were calculated by unmixing. The sum of amplitudes of all resolved components equals the total photon count in the measured experimental condition. Fluorescence lifetime was estimated using a monoexponential fitting procedure at the maximum intensity spectral channel (450 nm) for each decay component independently, with the assumption that the fluorescence decay is independent of emission wavelength. Intensity was calculated as ½ðcomponent amplitudeÞ× ðfluorescence lifetimeÞ for each component. Relative spectral contribution was calculated as an integral intensity, where the component amplitude was multiplied by the unitary reference spectrum reported in Ref. 13 . This spectrum is composed from the one for NADH in organic solvents (represented by water) with maximum at 460 nm, for NADH in inorganic solvent (represented by glycerol) with maximum at 440 nm, and for flavin adenine dinucleotide (FAD) in water with maximum at 520 nm.
Results
NADPH Fluorescence Recording In Vitro
Fluorescence spectra and fluorescence lifetimes [ Fig. 1(a) ] of NADPH were studied in vitro in the intracellular mediamimicking solution (pH 7.25), as previously reported. 12 Steady-state emission spectra measured simultaneously at 16 acquisition channels were determined as the total photon counts on each spectral channel. Concentrations ranging from 1 to 20 μM of NADPH in intracellular media-mimicking solutions were used to test the dose-dependence of the NADPH fluorescence spectral intensity and fluorescence decays in vitro. As expected, the spectral intensity was linearly dependent on the NADPH concentration, as illustrated by the maximum emission wavelength of 450 nm [ Fig. 1 (a) right]; at the same time, we found no modification in the fluorescence decays [ Fig. 1(a) middle]. Normalized spectra for NADPH concentrations from 1 to 20 μM overlaid perfectly (data not shown), confirming the same molecular origin. This result is in agreement with the effects induced by elevated NADH concentrations in aqueous solutions. 12, 23 To test the sensitivity to molecular environment, we have recorded NADPH fluorescence (10 μM) in solutions with different viscosity, achieved by the addition of glycerol (0, 25, 50, 75, and 100%) versus H 2 O [ Fig. 1(b) ]. The total photon counts, measured at the emission maximum (λ em ¼ 450 nm), revealed exponential rise of the peak of NADPH fluorescence intensity with glycerol [ Fig. 1(b) right] . We also noted a slight 10 nm blue spectral shift when NADPH fluorescence was recorded in a more viscous environment (data not shown). This result was due to the prolongation of the fluorescence lifetimes in a highly viscous environment [ Fig previous findings, 24 showing that the sensitivity of NADPH fluorescence intensity to changes in its microenvironment can be related to changes in the molecular mobility and/or modification in the conformation of NADPH molecules in more viscous milieu.
NADP-ICDH has been shown to play an important role in increasing NADPH pool in heart mitochondria, especially during oxidative stress. 25, 26 NADPH is a cofactor that is essential for glutathione system, one of the defense mechanisms against oxidative stress. It is used by GR to convert GSSG to reduced glutathione (GSH), which is needed to detoxify H 2 O 2 and change it into water. 27 GR is a flavoprotein, with functions to regenerate antioxidant capacity, converting from GSSG to the sulfhydryl form GSH. As the most important nonprotein thiol source, GSH plays a key role in the maintenance of cellular redox status and antioxidant defense. We have tested the capability of the experimental setup to monitor the NADPH produced by NADP þ -ICDH in vitro and the efficiency of GR to reverse this effect according to the schematic representation in Fig. 1(d) . Our data revealed comparable spectral and lifetime characteristics of NADPH produced in vitro from NADP-ICDH and NADPH in intracellular media-mimicking solution. In the GR catalyzed reaction, the required molar ratio GSSG/NADPH is 1. We therefore investigated whether the binding of NADPH to GR has repercussions on its spectral and lifetime properties. Blank-corrected spectra [ Fig. 1(c) left] showed that the addition of GR, in the presence of GSSG, reduced (at concentration 0.5 U∕ml), or nearly completely abolished (at 1 U∕ml), the NADPH fluorescence produced by NADP-ICDH, while no modifications of NADPH fluorescence decays by GR were noted [ Fig. 1(c) right] . This observation of the loss in the fluorescence intensity is in agreement with the dehydrogenation of NADPH to NADP þ by GR [see schematic representation in Fig. 1(d) capable of inducing a concentration-dependent decrease in the cell NAD(P)H content.
To better understand the mechanism underlying HNE effect on the NAD(P)H content in living cardiac cells, spectral linear unmixing of NAD(P)H fluorescence components was performed. We previously reported that the recorded fluorescence has mitochondrial origins and is composed of three individual components with separate spectral characteristics:
13,14 two NAD(P)H components [ Fig. 2(c) ] and one residual red-shifted flavin-like component [ Fig. 3(a) ]. The first blue-shifted component with longer fluorescence lifetime of 2.14 AE 0. Fig. 4(a) right] . These modifications resulted in a clear decrease of the relative spectral contribution (calculated as the fluorescence amplitude multiplied by the unitary reference spectrum reported in Ref. 13) [ Fig. 4(b) ], suggesting an increase in the cell oxidation. The ratio of component 2 to component 1 (free/bound) amplitude, corresponding to the change in NADðPÞH∕NADðPÞ þ reduction/ oxidation pair 18, 19 and thus in the mitochondrial metabolic state, decreased with rising HNE concentrations [ Fig. 4(c) ]. These results were confirmed by mimicking oxidative stress conditions by the addition of H 2 O 2 (1 μM) [ Fig. 4(a) ]. Resolved monoexponential decay for each NAD(P)H component corresponds well to the molecule in a specific state; this result is more precise than the one obtained in human myocytes, 13 possibly due to higher signal intensities in rats when compared to human.
HNE Increases Flavoprotein Fluorescence in Living Cardiac Cells
In addition to the two main NAD(P)H components, linear unmixing of the endogenous fluorescence also revealed presence of a small additional component. This component presented characteristics of the flavin fluorescence: emission maximum at 520 nm [ Fig. 3(b) ] and increase in the presence of uncouplers such as DNP (data not shown). HNE was capable of enhancing the contribution of this component in living cardiac cells [ Fig. 3(b) ]. To verify that this effect of HNE can indeed be attributed to flavoproteins, we have performed timeresolved spectroscopy experiments using 438-nm excitation [ Fig. 3(c) and 3(d) ] to favor the selective excitation of flavoproteins. 30 These data clearly demonstrated a rise in the flavoprotein fluorescence by HNE (25 and 50 μM) with maximum at 500 to 520 nm, which corresponds most likely to the mixture of electron transferring flavoproteins and free FAD. 31 GR is one of the flavoproteins that could contribute to the observed fluorescence change in cardiac cells. The activity of GR can be selectively inhibited by the chemotherapeutic drug BCNU (carmustine). The in vitro inhibition of GR occurred after biochemical reduction of the enzyme with NAD(P)H. 32 We have investigated the effect of HNE in the presence of the GR inhibitor BCNU (100 μM) (Fig. 5) . In cells pretreated with BCNU (100 μM), we noted a decrease in the fluorescence intensity due to the reduced amplitude of component 2 [ Fig. 5 
HNE Increases the Percentage of Oxidized Nucleotides
Percentage of oxidized nucleotides is an important parameter indicating cell oxidation state. To test whether HNE affects the percentage of oxidized nucleotides, cells were exposed to different concentrations of HNE and then to rotenone (1 μM) with cyanide (4 mM), or to DNP (50 μM), which were used to induce a fully reduced versus a fully oxidized state, respectively [ Fig. 6(a) 
HNE Lowers the Production of NADH
HNE has been reported to reduce the production of NADH in isolated cardiac mitochondria by acting through inhibition of α-ketoglutarate dehydrogenase. 9 BHB oxidized into AcAc is known to produce NADH dependently on the BHB/AcAc ratio. 33 To investigate whether HNE is capable of affecting NADH production in living cardiac cells, we have therefore used different ratios of BHB/AcAc (20∶1, condition favorable for NADH production, versus 2∶1, closer to physiological condition) (Fig. 7) . As expected, we observed lower fluorescence when decreasing the BHB/AcAc ratio from 20∶1 to 2∶1, in accordance with lower NADH concentration in cardiomyocyte mitochondria [ Fig. 7(a) and 7(b) ]. This effect was also observable in the presence of HNE (25 μM). Maximal production of NADH was then calculated as fluorescence at [control-(BHB: AcAc 2∶1)]/[(BHB:AcAc 20∶1)-(BHB:AcAc 2∶1)]. In this way, we estimated maximal production of NADH to 97% in control cells before HNE application; in the presence of HNE (25 μM), it decreased to 28.6%. These experiments are in agreement with previously reported reduced NADH production by HNE. 
Discussion
In this study, we investigated the effects of HNE on the regulation of endogenous NADH and NADPH mitochondrial content-for the first time in living cardiac cells-using a direct and noninvasive time-resolved fluorescence spectroscopy approach. We demonstrate that (1) HNE induced concentration-dependent decrease of NAD(P)H fluorescence due to lowering of the fluorescence from both resolved NAD(P)H components; (2) HNE increased the flavoprotein fluorescence, pointing to the contribution of flavoprotein complexes in the HNE action, and affected responsiveness of the NAD(P)H component ratio to the inhibition of GR; (3) HNE also increased the percentage of oxidized nucleotides and lowered the NADH production in cardiac cells. All together, gathered results are pointing to the fact that the lipid peroxidation product HNE provoked an important cell oxidation by acting on NAD(P)H regulating systems in the heart.
Aerobic organisms are dependent upon the varying intracellular concentrations of NADH and NADPH. The former is the primary ingredient that fuels adenosine trisphosphate (ATP) production in mitochondria via oxidative phosphorylation, while the latter helps to sustain the reductive environment necessary for this process and other cellular activities. Beyond the role of mitochondria in ATP production, these organelles are also implicated in most diseases, mainly due to their involvement in the energy production and cellular functioning. Previous observations 35 showed a correlation between the rise in generation of reactive oxygen species (ROS), increase in cellular contractility, and decrease in the NAD(P)H fluorescence under physiological conditions. However, studies performed directly in living cardiac cells, in order to better understand the involved mechanisms, are still missing. We have previously reported that oxidative stress induced by HNE or H 2 O 2 decreases endogenous mitochondrial NAD(P)H fluorescence of LV myocytes (see Supplement in Ref. 10 ) and demonstrated that the contractility is inversely correlated with NAD(P)H content. 10 Here, we evaluated in further detail the effects underlying HNE actions.
The role of mitochondrial NADP-ICDH in controlling the mitochondrial redox balance and subsequent cellular defense against oxidative injury was demonstrated as a major NADPH producer in the mitochondria. 25, 26 Although some NADP þ can be converted into NADP þ by NAD þ kinase (NADKase), which phosphorylates NAD þ (Refs. 36 and 37), the major source of NADPH in most cells is the oxidative phase of the pentose phosphate pathway (PPP). However, in the heart, the capacity of oxidative PPP is low 38 due to the limited activity of glucose-6-phosphate dehydrogenase (G-6-PDH). 39 NADPH can also be produced by the activity of the malic enzyme and of the NADP-ICDH in the cytosol as well as the mitochondria, using NADP þ as a cofactor instead of NAD þ . The NADPH∕NADP þ ratio can also be modulated by the activity of the H þ -transhydrogenases driven by the proton electrochemical gradient. 40, 41 HNE, one of the major secondary byproducts of LPO, inactivates the rate-limiting enzymes of the glycolytic pathway and the PPP. 42 Under normal conditions, G-6-PDH is inhibited by NADPH. This can be overcome by increasing the oxidized glutathione and by elevating the NADP þ ∕NADPH ratio. Stimulation of this pathway can be one side-effect of HNE; fundamental function of PPP is to maintain GSH in a reduced state in order to protect cellular integrity from emerging oxygen radicals. 43 Previous studies 6 demonstrated that HNE is capable of decreasing the NADP-ICDH activity in mitochondria via enzyme inactivation, based on the measurement of the enzyme protein expression. Such actions explain the decrease in the amount of NADPH recorded in the present study. Production of NADPH required for the regeneration of glutathione in the mitochondria is critical for scavenging mitochondrial ROS through GR and peroxidase systems. Our data gathered in vitro demonstrated that NADPH fluorescence intensity is sensitive to dehydrogenation by GR. Our measurements of the flavoprotein fluorescence confirmed that the action of HNE affects the flavoproteins. Consequently, the decrease in the first bound NAD(P)H component with HNE is related to the stimulation of flavoproteins. This effect contributed to decrease in the free/bound component ratio and thus to the regulation of the NADðPÞH∕NADðPÞ þ ratio in cardiac cells by HNE.
NADPH dehydrogenation by GR was tested in single cells using BCNU, an agent that is widely used in the chemotherapy of brain tumors, which has been shown to inhibit GR, the enzyme that catalyzes the recycling of GSH from oxidized GSSG. 44 The inhibition of GR results in the depletion of GSH and the accumulation of GSSG, 45, 46 which is likely to compromise cellular oxidative defenses that rely on antioxidant actions of reduced glutathione. 47 Indeed, BCNU-treated cells have been reported to be more vulnerable to oxidative stress. 46 Decreased levels of cellular GSH have been linked to the increased production of ROS, dysregulation, opening of the mitochondrial permeability transition pore, and cell death. [48] [49] [50] [51] [52] At concentrations from 50 μg∕ml, the GR-inhibitor BCNU also decreased flux through the PPP. 53 Beyond the complex effects of BCNU on the generation of ROS and apoptosis, 32 the inhibitor of GR induced decrease in both components, with a more important effect at the free NAD(P)H. This result points to GR as one of the potential flavoproteins affected by HNE.
NADH, which is generated essentially during the catabolism of acetyl-coenzyme A via the tricarboxylic acid cycle, is considered a powerful pro-oxidant as its downstream metabolism is mediated by complexes I, III, and IV, and produces most probably the majority of ROS generated in aerobic organisms. 54 Hence, a fine balance has to be maintained between these two nicotinamide nucleotides for an optimal cell functioning with adequate levels of NADPH and ATP and a small amount of NADH. In isolated cardiac mitochondria, it has been reported that HNE inhibited α-ketoglutarate dehydrogenase and reduced the production of NADH. 9 Our data demonstrated that HNE also decreased the NADH production in living cardiac cells. In addition, we have observed a concentration-dependent increase in the percentage of oxidized nucleotides with HNE as well. All these observations point toward an important cell oxidation induced by HNE by acting on NAD(P)H regulating systems in living cardiac cells. This process is part of the complex inhibitory effect of this compound on cell respiration and concomitant with protein modification and cell death. 55 
Conclusions
Our results shed a new light on the effect of HNE on the regulation of NAD(P)H in living cardiac cells. We propose that HNE reduces NAD(P)H content via a decrease in the production of NADH, stimulation of NAD(P)H use by flavoprotein complexes and, consequently, provokes an important cell oxidation by dehydrogenation of both free and bound NAD(P)H molecules in living cells. This action is likely to affect the overall energy production and use in the heart. However, future studies are necessary to explain precisely the mechanisms responsible for HNE-induced changes. It is now well established that mitochondria is an important target for oxidative stress in a broad range of pathologies, including cardiovascular disease, diabetes, neurodegeneration, and cancer. Understanding the precise role of oxidative processes and their products in living cells is crucial for finding new noninvasive tools for biomedical diagnostics of pathophysiological conditions.
